Abstract: A multigigabit relay transceiver system based on analog radio-over-fiber technology is proposed and experimentally evaluated for broadband radio-signal transmission in the millimeter-wave band, particularly at 60 GHz. The combination of a high-speed optical modulator and a photodiode provides signal delivery over an optical fiber. The observed dynamic range and resultant error vector magnitude of a 16-ary quadrature amplitude modulation signal compliant with the IEEE 802.11ad Standard, designated for a wireless local access network at 60 GHz, can be within the limit set by the standard.
number of devices will cause radio interference, which will reduce the throughput because these Wi-Fis use the radio signal at the specific and narrow microwave frequency bands of 2.4 and 5 GHz.
To avoid interference, millimeter-wave (MMW) radio such as the 60-GHz band is a promising candidate because this band is not presently a legacy band. In addition, the available bandwidth for WLAN at 60 GHz is from 57-66 GHz, for a total of 9 GHz of bandwidth; however, the band allocation depends on the country and region. The broad bandwidth can provide high-capacity radio without applying the MIMO technique, and thus, some standards are being developed rapidly. In the wireless HD standard, which is designed for transmission of uncompressed HDV and is similar to IEEE 802. 15 .3c, the 60-GHz radio signal has a 4-Gb/s capacity [4] , [5] . For WLANs at 60 GHz, IEEE 802.11ad is being standardized for a capacity up to 7 Gb/s [6] . However, this multi-gigabit (MG) WLAN technology at 60 GHz suffers from the disadvantage in terms of achievable distance owing to its high atmospheric attenuation coefficient, which is larger than 10 dB/km [7] . In addition, the short wavelength of the radio signal, which corresponds to approximately 5 mm, is difficult to diffract at the edges or corners of walls. The radio dead-zone area would be much larger than that in a conventional WLAN in the microwave band. Thus, these 60-GHz radio standards can be equipped with beamforming to track the location of a receiver. Expanding the service area to other rooms or floors requires a high number of access points (APs) or relay transceivers (RTs). However, the corresponding cost and area must be estimated to realize this expansion.
Radio-over-fiber (RoF) technology is a possible candidate for realization of the extension or relay link between points using optical fiber [8] [9] [10] . An analog-optical-link-based RoF system has already been installed to solve the dead-zone problem of mobile and broadcasting, such as in a basement and in mountainous areas. However, the bandwidth of an optical modulator and a photodiode (PD) limits the available bandwidth of the RoF link; thus, no commercial RoF link system at 60 GHz is available. Moreover, some radio standards such as IEEE 802.11aj being standardized for China at the MMW band are used at the multi-band frequencies of 40.5-47 GHz and 59-64 GHz [11] . Thus, a broadband MMW RoF link technology with the capability of multi-band signal transmission is required to carry these radio signals [12] , [13] . In the previous reports on the MMW RoF, the large available bandwidth in 60 GHz can help providing a high-capacity signal delivery up to 30 Gb/s with an orthogonal frequency division multiplexing technique [14] , [15] . Signal generation and distribution technique using optical technologies for application to home access network and WLAN has been proposed and preliminary evaluated [16] [17] [18] . For its application to these networks with standardized radio services, signal repeater configuration using the RoF at 60 GHz for the standard of IEEE 802. 15 .3c has been already demonstrated [19] . To clarify the transparency of the radio signals, however, it should be evaluated with compliance to the required specifications such as a predefined packet round-trip time, dynamic range for the receiving signal, and conformance to a spectrum mask.
In the present study, we propose and demonstrate an MG RT link system on the basis of the analog RoF technologies for multi-band MMW radio signals at frequencies up to 60 GHz. A high-speed optical Mach-Zehnder interferometer modulator (MZM) can provide an optical-to-electrical conversion of these high-frequency signals. We discuss the fundamental characteristics of the link gain and the dynamic range with the MMW RoF link for the delivery of signals compliant with the IEEE 802.11ad standard. We evaluate the compliance of the transmitted radio signal with the standard over the RoF link by using a spectrum mask and an error vector magnitude (EVM). Moreover, the possible distance of an optical fiber along with the latency of the RoF link is also discussed. Fig. 1 shows a schematic illustration of the MG RT link that uses RoF technology. In the configuration, only the downlink is described, but the uplink can be developed similar to the downlink. In the downlink, a source generator such as a video transmitter provides an MG signal, for example, the uncompressed HDV signal shown in the figure. The signal is transmitted over a conventional electrical cable such as an HDMI cable and launched into a wireless AP. The AP irradiates the radio signal for distribution to the receivers. The figure shows that the receiver is equipped with a video monitor to display the HDV signal from the source. For example, the 60-GHz wireless HD-compliant radio signal has a capacity of 4 Gb/s, but the signal cannot be delivered to another room because its large attenuation coefficient and short wavelength cannot be transmitted through the wall. To propagate the signal through the wall or floor, an RoF-based RT link can be applied using a lightweight optical fiber. The MG RT comprises the antennas (ANTs), an electricalto-optical converter (E/O), an optical-to-electrical converter (O/E), and an optical fiber. The ANT, located at the same room with the AP, collects the radio signal, and the E/O directly converts the 60-GHz radio signal into an optical signal. The optical signal transmitted over the fiber is launched into the O/E for conversion into a radio signal. Finally, the ANT irradiates the radio signal for distribution to the receiver in the other room.
Configuration of the MG RT System Based on MMW RoF
The transmission of an optical baseband signal could be applied in the optical transmission section by using conventional digital signal transmission technologies such as 10-Gb/s Ethernet. However, the latency due to the conversion between the radio and optical baseband signals using digital signal processing will be larger than that in an analog RoF link. Generally, the latency in a WLAN serves an important role in the optimization of the throughput of the transmitted data. In a physical layer, the latency should be reduced as much as possible because the transmission distance between the AP and the receiver, which includes a section of the MG RT link, could possibly become shorter. Thus, the analog-RoF-based MG RT link is discussed in this study.
Experimental Configuration
The experimental setup of the MG RT RoF link is shown in Fig. 2(a) . The setup comprised the E/O and O/E. A laser diode (LD) with a linewidth of 100 kHz was used as a light source, and its optical output power was 10 dBm. A lightwave was launched into an optical MZM, which functioned as an intensity modulator to modulate the optical signal using the input RF signal. For broad bandwidth operation, a polymer-based MZM with a bandwidth of 65 GHz was used [20] . The modulated signal with an optical power of À10 dBm was transmitted over the optical fiber, and an erbium-doped fiber amplifier (EDFA) increased the optical power to compensate for the insertion loss of the MZM of around 20 dB. An optical bandpass filter (OBPF) with an optical bandwidth of 1 nm suppressed the amplified spontaneous emission noise caused by the EDFA to enhance the signal-to-noise ratio (SNR). A PD with a bandwidth of 70 GHz converted the RoF signal into an RF signal.
To evaluate the link gain and the spurious-free dynamic range (SFDR), we used a vector network analyzer with an intermodulation distortion measurement feature [ Fig. 2(b) ]. The electrical bandwidth of the network analyzer was 70 GHz. We used the combination of an arbitrary waveform generator (AWG), a real-time oscilloscope (Scope), and a frequency up-and down-converter for the 60-GHz signal to generate and detect the radio signals compliant with IEEE 802.11ad, as shown in Fig. 2(c) . We used the RF signal at Channel 2, whose center frequency was 60.48 GHz with a bandwidth of 2.16 GHz, for the evaluation because this channel is used in almost all regions and countries. A local oscillator is commonly used in a frequency up-and down-converter for proof-ofconcept demonstration. A vector signal analyzer equipped with a Scope evaluated the EVM and its electrical spectrum. Fig. 3(a) shows the S-parameter S21 of the MG RT link. The corresponding optical spectra observed at the output port of the MZM are shown in Fig. 3(b) . The MZM was successfully modulated at frequencies between 40 and 67 GHz. It should be noted that the small peak around 70 GHz under the modulation frequency of 47 GHz in Fig. 3(b) could have been caused by some distortion of the RF signal launched into the MZM from the network analyzer at the specific frequency, because there is no peak structure under modulation at other frequencies. The small dip and valley structures in S21 could be caused by the frequency-response fluctuation of the MZM and the PD. The link gain of the system at 60 GHz was approximately À24 dB. The large link loss caused by the square-law detection of the PD with a relatively low optical power of 8 dBm was not suitable for application of the RoF link. Although the EDFA increased the power to 20 dBm, the PD could be saturated. Therefore, insertion of an RF amplifier before the E/O or after the O/E is required to compensate for the link loss.
Evaluation of the Link Gain and Spurious-Free Dynamic Range
First, we evaluated the improvement in the link gain with the insertion of an RF amplifier before the E/O or after the O/E. The total link loss of the RoF system at 60 GHz with the amplifier, whose bandwidth, gain, and noise figure (NF) were 55-68 GHz, approximately 11 dB, and less than 5 dB, respectively, was improved to approximately À7.2 dB. This value agrees well with the link loss without the amplifier and the amplifier gain. We note that the link gain of the RoF-based MG RT link should be zero because transparency of the RoF link is required without any other changes in the APs and the receivers. Optimization of the gain and the number of RF amplifiers can compensate for the link loss.
Under the aforementioned configurations, the SFDRs measured by a two-tone method are shown in Fig. 4(a) . The separation of the incident RF two-tone signals was 1 GHz at the center frequency of 60 GHz. The RF output power of the fundamental and third-order intermodulation components appeared to be proportional to the input RF powers and to the cubes of the power, respectively, and are thus both consistent. The observed SFDRs of the amplifier set before the E/O and after the O/E were 70.3 and 84.0 dB Á Hz 2=3 , respectively. We note that the noise floor used in estimating the SFDRs was used as the noise floor of the measurement system, which is the vector network analyzer. Thus, the Breal[ SFDRs might be larger than the estimated values.
To evaluate the NF of the RoF system, we calculate the total NF using the following theoretical expression:
where NF total , NF n , and G n indicate the NF of the total system, NF, and gain of the nth cascaded component, respectively. On the other hand, the SFDR is described as follows:
where IIP3, NFL, and BW represent the third-order input intercept point, the noise floor of the system, and the bandwidth, respectively. The large difference in the observed SFDRs at different locations of the amplifier could be caused by the difference in the gains. The NFs of the RoF system can be estimated by Equations (1) and (2), and the two values obtained are shown in Fig. 4(a) . The obtained NF of the RoF link is approximately 8 dB. The NF of the EDFA is less than 6 dB. Therefore, the additional noise might be due to the relative intensity noise of the LD, the shot noise of the PD, and the low modulation index of the MZM. In fact, the input RF voltage is less than 1 Vp-p despite the fact that the half-wave voltage of the MZM was 5 Vp-p. For comparison, the SFDRs of the other amplifier having a gain of 14 dB and an NF of less than 6 dB [set before the E/O and after the O/E, shown with open triangles in Fig. 4(b) ] along with that of the amplifier described above, as well as the SFDR without amplifiers are shown in Fig. 4(b) , namely, 80.0 and 72 dB Á Hz 2=3 , respectively. The improvement in the SFDR is caused by the insertion of the amplifier, but the SFDR degradation in the one-amplifier configuration set before the E/O could be due to the additional NF of the amplifier. Nevertheless, the insertion of two amplifiers improved the link gain from À25 dB without the amplifier and À7 dB with one amplifier to 6 dB. The link gain by inserting an attenuator or optimizing the gains of the amplifiers to realize the MG RT is zero because the RT should be transparent. Therefore, to realize higher SFDRs, high-gain with low-NF amplifiers should be installed before the E/O and after the O/E. It should be noted that the input RF power launched into the amplifiers was significantly small under small signal input condition, because there is no significant difference in SFDR curves shown in Fig. 4(b) .
The sensitivity and the dynamic range of the RoF system are key important factors in the application of the RoF system to the MG RT link for the 60-GHz radio. The minimum receiver power and the maximum level at the receiver are determined to be approximately À78 and À33 dBm, respectively, in the IEEE802.11ad standard [6] , [21] . Thus, the required dynamic range should be larger than 45 dB. The difference between the dynamic range and the observed SFDR is larger than 25 dB owing to the SFDR that is larger than 80 dB Á Hz 2=3 , and thus, the dynamic range of the MG RT link is sufficient for transmission without any distortions.
Transmission of the IEEE 802.11ad-Compliant Signal
To evaluate the reliability of the MG RT in the MMW band, a 60-GHz radio signal compliant with IEEE 802.11ad was used as a test signal to be transmitted over the RoF link. The test signal was generated with =2-shifted 16-ary quadrature amplitude modulation (QAM) at Channel 2 in the standard. To analyze the quality of the system, we evaluated three configurations: an electrical back-to-back configuration, an optical back-to-back configuration without calibration in the optical link section, and an optical back-to-back configuration with calibration. The calibration is a frequency-domain equalization to compensate for the frequency-response fluctuations using the pre-distortion of the signal generated at the AWG.
The observed electrical spectra at the RF output port of the RoF system are shown in Fig. 5 . All spectra are cleared to a spectrum mask compliant with the standard [6] , [21] . The frequency responses of the electrical back-to-back configuration and the optical back-to-back configuration with calibration appear similar because the pre-distortion equalizer installed at the AWG completely improved the frequency-response fluctuations. However, the response of the optical back-to-back configuration without calibration is degraded, especially at the IFs of 1.7 GHz and 3-3.5 GHz, which correspond to the frequencies of 59.48 GHz and 60.78-61.28 GHz, respectively. This degradation is caused by the frequency response of the RoF link shown in Fig. 3 . In addition, the SNR degradation between the optical back-to-back and the electrical configurations is estimated to be 3 dB, which can be observed at the IF of around 1.25 GHz; it is caused by the system NF. Fig. 6 shows the constellation maps and their EVMs at the receiver (RF output port) with the RF power of À33 dBm under the three configurations described above. The observed EVM of the electrical back-to-back configuration and that of the optical configuration with calibration are almost the same, with an uncertainty of 1% [ Fig. 6(b) and (c)] , however, the EVM of the optical back-toback configuration without calibration is 3% larger than those of the others. This difference is caused by the fluctuation in the frequency response, and not by the SNR degradation of 3 dB, because there is no significant degradation of the observed EVM between the optical back-to-back configuration with calibration and electrical back-to-back configuration shown in Fig. 6 (b) and (c). As the fluctuation was measured to be approximately 3 dB (Fig. 5) , the degradation of the EVM seems consistent with the fluctuation. The required EVM in the standard is À19 dB in /2-16 QAM with a modulation and coding scheme of 10, which corresponds to 11.2% [6] . The obtained value of 13.6% without the calibration is outside the required value. The observed EVM is predominantly caused by the EVM limit of 10.1% of our measurement system, which corresponds to À19.9 dB. If a transmitter with an EVM of less than À21 dB is used, the compliant signal transmission is capable of EVM degradation of 3% via the MG RT link [22] .
For application in the MG RT, insertion of an optical fiber with various lengths between the E/O and the O/E might degrade the signal quality. In addition, the modulation scheme used is the conventional double-sideband (DSB) modulation, and thus, a fading issue caused by the dispersion in the optical fiber might degrade the output RF throughput. Fig. 7 shows the EVM dependence on the optical-fiber length. The obtained EVMs under various lengths are almost constant. In DSB modulation, two generated RF signals between the carrier and an upper sideband component and between the carrier and a lower sideband component interfere with each other to generally decrease the RF throughput. The throughput is described by
where L, D, , f , n, and c indicate the length of the fiber, the dispersion coefficient of the fiber, the wavelength of the transmitted lightwave, the frequency of the separation between the carrier and sideband components, the effective refractive index of the fiber, and the speed of light, respectively [10] . This condition provides drastic reduction in the RF throughput for a specific fiber length. The throughput estimated at the 60-GHz frequency and the typical dispersion of the standard singlemode fiber at the 1550-nm wavelength with D ¼ 17 ðps/km Á nmÞ is shown in Fig. 7 , as well as the estimated throughput with a fiber transmission loss of 0.2 dB/km. The total throughput degradation at a length of 200 m is estimated to be 1 dB, which is not significant to the RoF link because the EDFA can easily compensate for the signal loss. The observed EVM dependence is consistent with the throughput because the degradation of the throughput is the same as the uncertainty of the measurement system of a 1-dB EVM. The vanishing-point frequency of the throughput is estimated to be 680 m, and it is too long for transmission of the IEEE 802.11ad signal. This is because a clearchannel assessment, defined in the IEEE 802.11-2007 standards as part of the physical-mediumdependent and physical-layer convergence protocol, is defined at 3 s corresponding to 400 m of fiber length in a round trip. Thus, the allowed optical-fiber length for the RoF link within the packet round-trip time is 200 m. Therefore, optical-fiber insertion cannot affect the signal quality. Insertion of the EDFA could shorten the transmission distance because of its fiber length. Fig. 8 shows the observed latency of the RoF system estimated as approximately 110 ns, which corresponds to an optical-fiber length of 22 m. This is because an amplification fiber in the EDFA, and thus, the possible distance of the fiber would be less than 180 m. Thus, replacement of the EDFA with a semiconductor optical amplifier, or reduction in the insertion loss of the MZM can help in achieving the possible transmission distance described above.
Conclusion
We have evaluated an MMW RoF link system for an MG RT with a high-speed optical modulator. The broad bandwidth optical modulator and PD can provide efficient conversion using an E/O and O/E to deliver MMW signals over an optical fiber. The estimated SFDR and NF of the MMW RoF link were greater than 80 dB and less than 8 dB, respectively, with a total gain of up to 7 dB. The evaluation revealed that the radio communication signal, which is compliant with the IEEE 802.11ad standard, can be transmitted over the MG RT link with a slight degradation for 200-m-long optical fiber transmission. The proposed MG RT link is capable of expanding the service area of the MMW AP as well as backhauling among the APs. Moreover, the broad bandwidth of the S-parameters will be useful for simultaneous transmission of microwave and MMW signals to improve the radio dead-zone issue using one MG RT RoF link.
